INTRODUCTION
It has been convincingly demonstrated in the electrical analog of the lung (1) as well as in human experiments (2) that unequal time constants among parallel pulmonary units produce frequency dependence of lung compliance. Defares and Donleben (3) deduced that unequal time constants lead to uneven ventilation when the ratios of compartmental tidal volumes to respective compartmental volumes are different. A Received for publication 24 July 1973 and in revised form 11 July 1974. tendency towards a rate-dependent decrease in dynamic lung compliance was demonstrated by Chiang (4) in healthy adolescents with nonuniform distribution of ventilation as measured by a N2 washout technique.
Ingram and Schilder (5) found that distribution of ventilation became more uneven as dynamic lung compliance (Cdyn) decreased with increasing respiratory rates in smokers and patients with mild obstructive lung disease. Recently, Chiang (6) established that the mechanical time constant for the whole lung was closely related to a time constant derived from analysis of the N2 washout curve. Thus, frequency dependence of lung compliance appears to be associated with rate-dependent changes in distribution of ventilation. If it is possible to predict frequency dependence of lung compliance from analysis of the N2 washout curve, then the latter test can be substituted for the difficult, timeconsuming and invasive lung compliance test, a present standard for detection of small airway disease (2) .
The purpose of the present investigation was (a) to develop a mathematical two-compartment analog of the lung to relate the equations of Otis and his associates (1) for dynamic lung compliance to the equations of Fowler, Cornish, and Kety (7) for N2 washout, and (b) to test these equations while simultaneously measuring dynamic compliance and N2 washout in dogs with mechanically induced bronchial obstruction, in humans with pharmacologically induced bronchoconstriction, and in young smokers.
THEORETICAL CONSIDERATIONS
The relationship between frequency dependence of lung compliance, or any appreciable decrease in dynamic compliance with increasing breathing frequency, and uneven distribution of ventilation has been investigated by Defares and Donleben (3) . They demonstrated that frequency dependence of lung compliance is not always associated with uneven distribution of ventilation at a given respiratory rate. This is because frequency dependence of compliance is a reflection of differences in impedance of parallel compartments in the lung
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and, therefore, of differences in the tidal volumes of these A compartments, while the criteria for uneven distribution of ventilation includes not only the distribution of compartmental tidal volumes, but also the distribution of compartmental volumes, or, for the two-compartment model:
VT1 VT2
Vi V2 (1) where V1 = ni VL and V2 = n2 VL (nl and n2 are the fractional volumes of the compartments and VL is the lung volume).
To clarify we will consider the following situations: (a) the elastic properties of the lung are normal (i.e., C1! V1 = C21 V2, C1 = nC~t, and C2 = n2Ct, where C1 and C2 are the compartmental compliances, and C~t is the static compliance of the lung) and the compartmental RC time constants are equal, (b) normal elastic properties, but unequal compartmental time constants, (c) altered elastic properties of the lung (Cl! VI -4 C21 V2) and unequal time constants, and (d) altered elastic properties and equal time constants. In the first situation, which describes the normal healthy lung, distribution of ventilation will be uniform and lung compliance will not change with respiratory frequency. In the second case, frequency dependence of lung compliance due to unequal time constants will be associated with uneven distribution of ventilation as detected by the multiple breath N2 washout at all respiratory frequencies. This is probably true for the majority of patients with early obstructive airway disease. In the third situation, frequency dependence of lung compliance will be present due to unequal time constants, but distribution of ventilation may be uniform at a single respiratory frequency. However, uneven distribution of ventilation will occur at all other respiratory frequencies. This is illustrated in Fig. 1 which compares such a pattern (Fig. 1A) to normal elastic properties with unequal time constants (Fig.  1 B) . Finally, the fourth situation is the uncommon occurrence of a corresponding change in airway resistance to match the change in compartmental compliance due to altered elastic properties in such a way as to make the RC time constants equal. Here, the distribution of ventilation may be uneven while lung compliance is not frequency dependent.
For all practical purposes, uneven distribution of ventilation should be associated with frequency dependence of lung compliance, whereas, even distribution of ventilation determined at a single breathing frequency could indicate either absence of frequency dependence of compliance, or the special case of frequency dependence of lung compliance with altered elastic properties of the compartments. Consequently, to be certain that lung compliance is not frequency dependent, the N2 washout analysis must be performed at at least two frequencies. If at both frequencies the N2 washout curves are single exponentials, it may be assumed that distribution is even for all frequencies and that the dynamic lung compliance is not frequency dependent. A single exponential curve at one frequency but not at another will indicate frequency dependence of compliance with altered compartmental elastic properties, unless the single exponential curve is due to insensitivity of the N2 washout method to multiple compartments at lower frequencies or trapping of gas at higher 
If we assume that the elastic properties of the two compartments are the same, as is probably true for healthy subjects Frequency Dependence of Compliance and Gas Distribution and those with early obstructive airway disease, then C1 = nC8t, and C2 = n2CAt (Fig. IB) From Eqs. 9 and 10, if the ratios VT1!VT and VT2! VT are known for a given respiratory frequency and the fractional volumes ni and fn2 are known, the two equations can be solved simultaneously for T, and T2 and by substituting these values into Eq. 8 and varying co, the rationalized dynamic compliance can be predicted as a function of frequency.
The analysis of the N2 washout curve (7) gives data which with certain assumptions yield values for the fractional volumes and a close approximation of the ratios VT1! VT and VT2! VT. The latter are based upon the ratios of the compartmental alveolar ventilations to the total alveolar ventilation, VA,/!A and 1A2/1A. If the dead space of the lung is evenly distributed and the tidal volume is large relative to the compartmental dead space these ratios approximate the ratios of the tidal volumes, or
The values for alveolar ventilation of the two compartments as derived by the analysis of Fowler and associates (7) are not entirely accurate. The bidirectional gas transfer between compartments due to Pendelluft and common dead space mixing is responsible for an underestimation of the ventilation of the "fast" compartment, and a slight overestimation of the ventilation of the "slow" compartment. In order to obtain more accuracy in the determination of the ratios VA/!VA and VA2/!A, appropriate corrections must be applied. Safonoff and Emmanuel (8) reported that the error in the ventilation of the slow compartment is minimal and can be neglected in the range of interest. They estimated that the volume of gas transfer due to Pendelluft and common dead space mixing is approximately 60% of the tidal volume of the slow compartment (see Appendix A). Thus, VT = VT1+ VT2 -VP (12) where Vp = the volume of gas transfer due to Pendelluft and common dead space mixing. But V, = 0.60 X VT2, where VT2 is the tidal volume of the slow compartment. Then VT = VT1 + 0.4VT2 (13) Now, since VA = (VT-VD) X frequency (f), where VD = dead space volume, or VT = (VAlf) + VD.
+ VD=Y+ VD + 0.40 (Y-+ VD2 (14) f f \f / (16) By substituting the corrected values for the ventilation ratios into Eqs. 9 and 10 along with the frequency at which these ratios were determined, T, and T2 can be solved. The tests were conducted as follows: First, the animal was ventilated with room air until a stable end-expiratory volume level was reached. At this point, the animal's airway was occluded by turning the two three-way valves, and 100% 02 was introduced into the respirator, thereby providing an inspiratory N2 concentration of less than 0.3%. After 5 cycles during which time the inspiratory lines of the respirator were cleared of N2, the valves were again turned and the N2 washout started. The test was terminated when end-tidal N2 concentration was below 1%. The range of lung volumes for comparison of the dynamic to static lung compliance was the same.
Nitrogen washout and dynamic compliance measurements were performed at respiratory frequencies of 20, 30, 40, and 50/min before and after partial obstruction of one main bronchus. The obstruction consisted of a metal tube, 2 mm in diameter and 10 mm long, surrounded by an inflatable cuff. It was placed in the right or left main bronchus immediately distal to the carina with a bronchoscopic forceps. Its location was ascertained by bronchofiberscopy. The cuff was inflated and the proximal end of the cuff catheter occluded with a plugged needle which was placed through the rubber adaptor of the endotracheal tube. Frequent tracheal suctioning was performed in order to prevent plugging of the obstruction with bronchial secretions. Before each run, the dog was given a deep breath by occluding the expiratory line. Static pressure volume curves were obtained by a stepwise inflation to 1.0 liter above functional residual capacity (FRC) and deflation to FRC with a calibrated giant syringe, after a sighing maneuver to 1.0 liters above FRC.
Human experiments. Three sets of experiments were conducted with human volunteers from whom informed consent was obtained. Two of these were designed to determine the relation between the dynamic lung compliance calculated from the N2 washout curves and the actually measured dynamic lung compliance (groups A and B), while the third experiment (group C) was carried out to compare a number of eommonlv used nulmonarv f,,nction tests for the detertion accepted if end-expiratory volume did not change significantly during the run. Transpulmonary pressure was measured with a Validyne DP-9 differential transducer with a common mode rejection ratio of greater than 64 dB below 3 Hz, and flow was measured by a dynamically balanced no. 1 Fleisch pneumotachograph connected to a Validyne DP-7 transducer. A slow inspiratory vital capacity maneuver followed by a slow expiratory vital capacity maneuver was done immediately before and after N2 washout and dynamic compliance determinations in order to ensure identical volume histories. These tests were performed in the control state and immediately after inhalation of 15-30 breaths of 1.5%
carbachol delivered through a D-30 generator (10) . N2 washouts at two different frequencies and dynamic lung compliance were also obtained in nine healthy young smokers, ages yr (group B) with normal routine pulmonary function tests. Finally, 10 young healthy nonsmokers and 10 smokers between the ages of 18 and 42 yr (group C) were selected for estimation of distribution of ventilation by N2 washout at 60 and 75 breaths/min. The smokers continued to smoke on the experiment day, but not within 1 h before the study. Routine pulmonary function studies were performed on all. The displaceable lung volumes were measured with a spirometer and functional residual capacity and airway resistance (panting at 1-2 cycles/s up to 0.5 liter/s inspiratory flow rate) with a body plethysmographic technic (11, 12) . Single breath diffusing capacity (13) , single breath nitrogen test (14) , closing volume, and flow volume curves (15) were also obtained.
N2 washout was carried out with a breathing system analogous to the one used for the animal experiments. The nitrogen and volume signals were also displayed on an oscilloscope in order to guide the subject in maintaining an approximately constant end-expiratory volume throughout the test. A breath simulator (model 700, Somanetics Inc., La Jolla, Calif.) was used as auditory feedback for control of respiratory frequency.
Data analysis. Dynamic lung compliance was calculated by dividing the volume change by the transpulmonary pressure change between points of zero flow from end-inspiration to the beginning of the following inspiration. Static compliance was calculated on the deflation leg of the static pressure volume curve between pressure limits which were recorded during measurement of dynamic compliance. The N2 washout curves were analyzed on-line or from analog magnetic tape on a small digital computer (LINC 8, Digital Equipment Corp., Maynard, Mass.) (16) . End-tidal N2 concentration was plotted against time (animals) and against cumulative expiratory volume (humans) and expressed as N2 clearance delay as described by Fowler et al. (7) . Corrections for the excretion of tissue nitrogen were made according to Simmons and Hemmingway (17) in dogs and Bouhuys (18) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Seven smokers were asymptomatic, three gave a history of morning cough with sputum production, and one of these also had mild exertional dyspnea in the morning. None of the nonsmokers had respiratory symptoms. Conventional tests for detection of airway obstruction were within normal limits in both smokers and nonsmokers (Tables II and III) . Fig. 5 Safonoff and Emmanue (8) these factors produce a significant underestimation of the alveolar ventilation of the fast and slight overestimation of the ventilation of the slow compartment. Using their experimentally obtained correction factor to convert the apparent ventilation of the fast compartment to its actual alveolar ventilation, our calculated Cdyn/C8t from the N2 washout curve correlated well with the measured Cdyn/C,,t. Since this is only an approximate correction factor (8) , and the effect of Pendelluft and common dead space mixing reach a minimum as the difference between the compartmental alveolar ventilation increases, it is not surprising that the accuracy of the predicted Cdyn/C8t was better at higher respiratory frequencies (see Appendix A). A further theoretical objection to equating the compartmental to total tidal volume ratio (VT1!VT) with the compartmental to total alveolar ventilation ratio (VA1/VA) is the presence of common dead space (VD) and compartmental dead spaces (VD1, VD2) which have to be subtracted from the tidal volumes for the calculation of alveolar ventilation:
Since VT1/VT changes with both increasing respiratory frequencies and increasingly uneven compartmental time constants, but VD1 and VD are more or less of constant value, an error is introduced into Eq. 15. Single Breath N2 Test Since Woolcock, Vincent, and Macklem (2) introduced frequency dependence of lung compliance as a test for small airway obstruction and indicated that frequency dependence of Cdyn is associated with frequency dependence of distribution of ventilation, this has been confirmed by others (4, 5) . On the basis of Ingram and O'Cain's (21) study on frequency de- pendence of Cdy, in asymptomatic smokers, we expected to find a difference in N2 washout at high respiratory frequencies between our young smokers and nonsmokers. While the nonsmokers had a single exponential N2 washout curve, all 10 smokers revealed two compartments at one or both measured respiratory frequencies. Our finding that all nonsmokers had a single exponential curve contrasts with Bouhuys (22) who found a mean N2 clearance delay of 29% in young subjects between 24 and 34 yr of age at normal respiratory rates. However, it is not quite clear from his data whether smokers were included as normal subjects.
In our subjects, of two other tests which have been employed to detect small airway obstruction, the closing volume (23) showed no significant difference between nonsmokers and smokers, whereas maximum expiratory flow at 50% of vital capacity was significantly lower in smokers than in nonsmokers. However, the scatter of data minimizes the discriminatory value of this test in individual young smokers with small airway obstruction. In contrast, the N2 clearance delay was 0% in all nonsmokers and deviated from 0% in all young smokers at rapid respiratory frequencies.
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where Z1 = impedance of fast compartment, Z2 = impedance of slow compartment, and ZT is the total impedance of the two parallel compartments. The impedances are dependent on frequency, resistance, and compliance, where resistance and compliance are also functions of the compartmental volumes. A program was written in FORTRAN language, for use on a PDP-12 computer to evaluate the average value of this ratio (VP/VT2) and the percent error in the calculated Cdyn/Cst caused by assuming the ratio to be equal to 0.60 for various airway resistances, compartmental volumes, and breathing frequencies, assuming the case of equal elastic properties of the two compartments. The program consisted of three "nested DO-loops" in which the parameters were varied in the ranges of interest (frequency from 20 to 80/min, increments of 10/min, fractional volumes of each compartment from 0.10 to 0.90, increments of 0.05, and resistance of the slow compartment from 10 cm H20/liter/s to 100 cm H20/ liter/s). The fixed parameters were chosen to approximate normal values for humans (CXt = 0.20 liter/cm H20, small airway resistance = 0.30 cm H20/liter/s). The range of resistance in the slow compartment was chosen to coincide with the limits of the N2 washout methods in detecting twocompartmental washouts.
The mean values and standard deviations of VP/ VT2 are shown at different breathing frequencies in Fig. A-1A . This curve was generated by 2,261 samples. As can be seen, the accuracy of the ratio of Vp/ VT2 increases with increasing frequencies. This is due to the fact that at lower frequencies Vp is increasing from zero while VT2 is decreasing. At a threshold frequency Vp reaches a maximum and begins to decrease at a rate similar to the decrease in VT2. This phenomenon is illustrated in Fig. A-1B that VP/VT2 = 0.60 was 0.5%O, SD 2.0, range -6.4% to 21 .4%7. The distribution of this percent error is illustrated in Fig. A-2 . These values were determined by using the equations of Safonoff and Emmanuel (8) to compute the apparent ventilations from the actual ventilations and the actual volume of Pendelluft. These apparent ventilations were then cor-4 rected by using the assumption that VP/ VT2 = 0.60. Then Cdyn/C.t was determined as described in the theoretical considerations and was compared to Cdyn/C.t calculated from Otis' equations (1) by using the actual values for time constants, compliances, and fractional volumes. 
